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Abstract 
Electromagnetic devices operating from microwave to visible frequencies have already been 
realised to demonstrate a wide variety of applications.  However, intriguing electromagnetic 
phenomena across the terahertz frequencies are yet to be unveiled. Terahertz radiation 
typically refers to the electromagnetic spectrum spanning 0.1-10 THz, which translates to a 
wavelength range of 3 mm-0.03 mm. This spectral band bridging the worlds of electronics 
and optics has been relatively unexplored and is referred to as „terahertz gap‟ because of 
accessibility difficulties.  
Metamaterials are artificial composite structures with tailored electromagnetic response. They 
are assemblies of multiple individual elements fashioned from conventional microscopic 
materials. This new class of materials dramatically adds a degree of freedom to the control of 
electromagnetic waves. The emergence of metamaterials coincides with the emerging interest 
in terahertz radiation (T-rays), for which efficient forms of electromagnetic manipulation are 
being sought.  Metamaterials are of particular interest in the terahertz regime, where most 
natural materials exhibit only weak electric and magnetic responses and hence cannot be 
utilized for controlling the radiation.  
Beyond the terahertz frequencies, the fabrication of metamaterials can be very challenging 
with present technologies. This thesis emphasizes on implementing and experimentally 
demonstrating innovative fabrication solutions for micro-scale metamaterials designed to 
operate in the terahertz electromagnetic regime. Microfabrication is a conventional 
fabrication technique that has been employed to fabricate metamaterials operating at terahertz 
frequencies. A variety of terahertz components based on terahertz metamaterials have been 
proposed in this thesis- perfect absorbers, quarter-wave plates, half-wave plates to name a 
few.  A process has been established to realise subwavelength resonators demonstrating 
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polarisation beam splitting operation at terahertz frequencies. Micro-cavities have been 
investigated to demonstrate terahertz localised surface plasmon resonances in perfect 
absorbers. Metamaterial-inspired split ring resonators have been realised as polarisation 
convertor for terahertz radiations. Microfabrication techniques have been devised to achieve 
combined polarization-dependent functions of reflective deflection and transmission through 
a single structure. 
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CHAPTER 1 
INTRODUCTION 
1.1 Motivation and thesis outline 
Unlike X-rays, terahertz radiations are non-ionising, and hence non-invasive. This property 
makes it ideal for use in applications such as medical imaging and security screening. 
Existing and emerging applications of terahertz technology have stimulated intensive 
research effort in the recent past. Figure 1.1 shows terahertz regime in the electromagnetic 
spectrum.  At present, terahertz technology is lacking in practical applications, partially due 
to lack of availability of compact components to generate, manipulate, detect and direct 
terahertz beams.  
Considering the scarcity of naturally existing materials that can control terahertz radiation, 
metamaterials have become ideal substitutes that promise advances in terahertz research. 
Metamaterials are artificial materials engineered to provide control over electromagnetic 
waves. Their structure is basically composed of sub wavelength metallic resonators held 
together in a dielectric. The electromagnetic properties of metamaterials are derived mainly 
from these resonating elements rather than from atoms or molecules unlike naturally existing 
materials. By opening a new electromagnetic response regime, metamaterials offer immense 
opportunities in improving existing optical designs along with exploring unprecedented 
applications. Since metamaterial research has only recently emerged, fundamental studies, 
novel designs, and advanced applications of metamaterials are yet to be fully explored. 
Because of their customizable characteristics, it is rather obvious that metamaterials can 
greatly propel terahertz technology. 
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The motivation of this thesis lies in harnessing the fabrication techniques to realise 
subwavelength metamaterials of micrometre scales across terahertz frequencies. Interesting 
engineered electromagnetic responses have been demonstrated through different terahertz 
micro devices. This project has been carried out in collaboration with the University of 
Adelaide. The design and testing was carried out by collaborators in Adelaide, while the 
fabrication of devices was done by me.  
 
 
 
Fig. 1.1. The THz regime of the electromagnetic spectrum located at the interface of microwave 
electronics and infrared optics. 
Reference: http://www.uni-konstanz.de/FuF/Physik/terahertz/research.htm 
 
1.1.1 Thesis structure 
This thesis is dedicated to explore novel microfabrication techniques in order to realise 
periodically patterned subwavelength structures (metamaterials). In Chapter 2, reflectarray 
prototypes have been realised as polarisation beam splitter and polarisation convertor, 
operating at terahertz frequencies. The three types of reflectarray antennas are fabricated 
using microfabrication and polymer processing techniques, as multilayer stacks of metal 
(platinum ground plane), dielectric (polydimethylsiloxane, PDMS), and patterned metal 
patches (gold thin films). These reflectarrays can find potential applications in the area of 
emerging terahertz communications, terahertz spectroscopy and imaging. 
In Chapter 3, perfect absorbers that exhibit broadband absorption of terahertz radiation have 
been discussed. Here, terahertz plasmonics has been used to demonstrate near-unity 
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absorption across a broad spectral range. Our plasmonic-based approach for enhancing 
absorption is a potential precursor to the realization of efficient bolometric imaging and 
communications at terahertz frequencies. 
In Chapter 4, gradient index metamaterials operating at terahertz frequencies have been 
proposed. These have been realised by a gradual variation of refractive index. A specific 
category of such materials consists of a lattice of subwavelength holes in a rectangular 
dielectric slab. By varying the radii of the holes with respect to position, a gradient index lens 
is realised to deflect or focus terahertz beams. Such designs will have great potential in future 
terahertz communications. 
Finally, in Chapter 5, possibilities for future work are recommended. Corresponding 
challenges faced during the fabrication process and the implemented solutions have been 
discussed in the following chapters. 
1.2 Publications 
The work conducted during the course of this Masters by Research has resulted in four 
journal articles in prestigious journals such as Applied Physics Letters, Optics Express and 
Advanced Optical Materials. I am the lead fabrication author in all of these articles. The list 
of the scientific papers is presented below:- 
1.2.1 Peer-reviewed Journal Publication 
 Y. Z. Cheng, W. Withayachumnankul, A. Upadhyay, D. Headland, Y. Nie, R.Z. Gong, 
M. Bhaskaran, S. Sriram, and D. Abbott, Advanced Optical Materials 3, 376 (2015) 
 Y. Z. Cheng, W. Withayachumnankul, A. Upadhyay, D. Headland, Y. Nie, R. Z. Gong, 
M. Bhaskaran, S. Sriram, and D. Abbott, Applied Physics Letters 105 (18), 181111 
(2014). 
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 T. Niu, W. Withayachumnankul, A. Upadhyay, P. Gutruf, D. Abbott, M. Bhaskaran, S. 
Sriram and C. Fumeaux, Optics Express 22 (13), 16148 (2014). 
 T. Niu, A. Upadhyay, W. Withayachumnankul, D. Headland, D. Abott, M. Bhaskaran 
and S. Sriram, Applied Physics Letters 107, 031111 (2015). 
1.2.2 Peer-reviewed Conference Proceedings 
In addition to the journal papers, I had the opportunity to attend prestigious conferences such 
as the International Conference on Materials for Advanced Technologies (ICMAT) (2015) 
and the Photonics Global Student Conference (2015) in Singapore to present the outcomes of 
my research. Prior to this, I also presented a poster and participated in 3-minute thesis 
competition at the Higher Degree by Research Student Conference-Today’s Innovation: 
Tomorrow’s Success, conducted by RMIT University (2014).  
Following are the conference proceedings that were relevant to this thesis:- 
 Y. Cheng, W. Withayachumnankul, A. Upadhyay , Y. Nie, R. Gong , M. Bhaskaran, 
S. Sriram, and D. Abbott, “Broadband plasmonic terahertz absorber based on silicon 
cross structures”, Proceedings of the 39th International Conference on Infrared, 
Millimeter and Terahertz Waves, pp. 1-2 (2014). 
 Y. Cheng, W. Withayachumnankul, A. Upadhyay , D. Headland, Y. Nie, R. Gong , 
M. Bhaskaran, S. Sriram, and D. Abbott, “Broadband terahertz reflective linear 
polarization convertor”, Proceedings of the 39th International Conference on 
Infrared, Millimeter and Terahertz Waves, pp. 1-2 (2014). 
 D. Headland, W. Withayachumnankul, M. Webb,  A. Upadhyay,  M. Bhaskaran,  S. 
Sriram, and D. Abbott, “Dielectric hole lattice for terahertz diffractive optics with 
high transmission”, Proceedings of the 39th International Conference on Infrared, 
Millimeter and Terahertz Waves, pp.1-2, (2014) 
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1.3 Significant Scientific Contributions 
 Fabrication of multi-layer metallic resonating structures on PDMS with good 
alignment of top and bottom layer resonators.  
 Microfabrication of highly efficient devices working at broadband terahertz frequency 
ranges. 
 Fabrication of micro devices to enable polarisation control at terahertz frequencies. 
  
8 
 
CHAPTER 2 
TERAHERTZ REFLECTARRAYS 
2.1 Introduction 
The concept of reflectarrays dates back to the early 1960s [1]. Combining the principles of 
phased arrays and geometrical optics, a reflectarray can produce predesigned radiation 
characteristics without requiring a complicated feeding network. This operation can be 
achieved by using an array of passive elements, whose individual reflection phase is 
dependent on a critical dimension of a resonant structure [2]. Reflect array comprises of an 
array of elementary antennas used as reflecting surfaces. The reflecting surfaces employed in 
these antennas are characterized by surface impedance that can be synthesized to produce a 
variety of radiation patterns. Reflectarrays combine the simplicity of the reflector-type 
antenna with the performance versatility of the array type.  Reflectarrays have low design and 
fabrication complexity. Their performance is mainly dependent upon the maximum range of 
phase change that can be obtained through optimization of single elements [3]. Not only 
beam deflection, these reflect arrays also have the potential for beam steering and shaping in 
various forms.  
Varieties of resonant elements have been employed to attain the desired reflection phase 
change with a dependency on one of their characteristic dimensions. For instance, the 
reflection phase from a stub-loaded metal patch element is varied by changing the length of 
the attached stub [4]. Further to that, the phase response of a micro strip element can be tuned 
by varying the size of the metal patch [5]. Some more sophisticated structures include the 
„phoenix cell‟ with rebirth capability that provides nearly 360◦ phase change [6], and 
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multilayered structures that provide an alternative for increasing the bandwidth of operation, 
however, at an expense of the simplicity [7, 8].  
The operation frequency of these devices has covered not only the microwave band but has 
also been extended to the infrared and conceptualized in the optical range. Although some 
implementations of terahertz phased arrays were seen, not much has been explored about 
reflectarrays operating at the terahertz band. Towards improving the practicability and 
flexibility of controlling the direction of terahertz radiation, the terahertz reflectarrays have 
been realised as polarisation convertors and polarisation controllers in this work. The major 
drawback with reflect arrays- cumbersome conductor loss, has been mitigated by designing 
these antennas with dielectric materials. Reflectarray antennas have shown a momentous 
promise as the new generation of high gain antennas. This is because these antennas are 
useful in various aspects owing to their capability of manipulating terahertz beams with high 
efficiency, yet low design and fabrication complexity. In addition, active patch-element 
structures can be used to dynamically configure versatile arrays for advanced beam forming.  
In particular, the extension to active reflectarray systems promises applications in the area of 
short-range terahertz communications.  
In this chapter, a design of a polarizing beam splitter operating at 1 THz is proposed and 
experimentally validated. The device is based on the reflectarray concept and demonstrates 
the capability to separate the orthogonal polarization components of an incident beam and 
deflect them into different directions. Another reflectarray design to be explored is an 
ultrathin and highly efficient half-wave retarder operating in the reflection mode at terahertz 
frequencies. Furthermore, a thin-film polarization-dependent reflectarray based on patterned 
metallic wire grids has been realized at 1 THz. 
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2.2 Polarization beam splitter 
For centuries, controlling the propagation of electromagnetic waves has been one of the 
intensively researched topics in science and engineering. From conventional optical lenses to 
the exotic artificially patterned structures of today, scientists and engineers have 
progressively introduced more degrees of freedom in both theoretical and experimental 
aspects of beam manipulation for increasingly sophisticated applications. Beam splitters with 
polarization dependent properties can play an important role in applications requiring high 
polarization purity or polarization-dependent multiplexing/demultiplexing. In the optical 
range, coupled plasmonic waveguide arrays [9], an asymmetrical directional coupler [10], 
and a 34-layer polymer thin-film [11] have been proposed for polarizing beam splitters. 
Further concepts inspired by metamaterials have been introduced for designing or realizing 
beam splitters across different spectral ranges [12, 13]. 
In the terahertz regime, due to lack of suitable naturally bifringent materials and because of 
high intrinsic material loss, devices that can separate the incident waves with polarization 
dependent properties still remain challenging to realize. Some attempts were made to realise 
terahertz beam splitters. However, these designs mainly focused on polarization beam-
splitting in transmission, with emphasis on frequency tunability. Beam splitting operation in 
reflection mode remains to the best of our knowledge relatively unexplored. One feasible 
pathway for beam splitting in reflection is offered by the concept of reflectarrays. Owing to 
their high efficiency and flat profile, reflectarrays have been adopted widely in the 
microwave and millimeter-wave regions [14-16] and implementations have been extended 
across the electromagnetic spectrum to the terahertz [17, 18] and optical regimes [19-22] with 
various functionalities such as beam deflection, focussing and beam shaping. Among the 
versatile functions of reflectarrays, steering reflected waves with polarization-dependent 
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properties can find applications in areas such as signal transmission, polarization-sensitive 
measurements, and discrimination of incident polarizations. 
In this work, two sets of orthogonally orientated dipole resonators arranged in interlaced 
triangular lattices have been used for composing the unit cell, and the corresponding local 
reflection response is achieved by varying the length and width of the dipoles. A subarray is 
then constructed from the unit cells with the desired progressive phase distributions to 
respond to incident waves with polarization-dependent properties. By taking micro-
fabrication tolerance into design consideration, the reflectarray is then fabricated for 
experimental validation. Both simulation and measurement are employed to verify the 
concept and assess the efficiency and polarization purity of the device. 
2.2.1 Design and simulation 
A unit cell for a uniform reflectarray is shown in Fig. 2.1. The structure is composed of two 
sets of orthogonal dipole resonators arranged in a compact layout, with each set 
corresponding to a particular polarization. The arrangement of the interlaced triangular-lattice 
is chosen for reducing the mutual coupling between the two sets of dipoles, while a compact 
layout significantly increases the efficiency of reflection compared to a loose arrangement of 
dipoles [23]. 
The unit cell is made of three layers: dipoles made of gold as the top layer, a 
polydimethylsiloxane (PDMS) dielectric spacer as the substrate and a platinum ground plane. 
The different metals provide etching selectivity during the micro-fabrication process, while 
PDMS exhibits acceptable loss in the terahertz range. The surface impedance model used in 
is adopted for these metals with ZAu = 0.287+ j 0.335 Ω for gold and ZPt = 0.628+ j 0.667 Ω 
for platinum, while the relative permittivity 2.35 and loss tangent 0.06 of PDMS are 
determined from independent measurements. For operation at 1 THz, the size of the unit cell 
and the thickness of the PDMS substrate are selected at fixed values 2a = 200μm and h = 
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20μm, respectively. Different phase responses for a particular polarization can be achieved by 
varying the length and width of the active strip dipoles. 
 
 
Fig. 2.1. Single unit cell of the proposed reflectarray. Each unit cell contains four dipoles with a = 100 
μm and h = 20 μm. The lengths and widths of the dipoles are varied to obtain a nearly full cycle of 
phase response. (a) 3D view of the unit cell. (b) Top view of the unit cell indicating the interlaced 
triangular lattices. 
 
The phase response profile was simulated by using uniform infinite arrays in a commercial 
software package, Ansys HFSS, with periodic boundary conditions, and Floquet port 
excitation was applied. Based on numerical analysis, it was confirmed that the effect of a 
dipole is negligible for the incident wave with polarization orthogonal to its axis. Therefore, 
in optimization of the unit cell shown in Fig. 2.1, the dipoles perpendicular to a given 
polarization are fixed at the dimension of 40μm x 80μm, while the length of the dipoles 
parallel to the polarization is varied from 40μm to 140μm. In order to achieve a smoother 
phase curve with less stringent tolerances, a strategy based on variation of both length and 
width was found to be more efficient than variation of length only [24]. Narrower strip 
dipoles introduce a wider dynamic phase range but at the cost of a steeper phase change and 
reduced efficiency around resonance. In contrast, widening the dipoles decreases the dynamic 
range but smooths the transition of the phase curve around resonance. Based on this trade-off, 
13 
 
the dipole width was strategically adapted for a wide enough dynamic range and relatively 
smooth phase change response for higher efficiency. 
The reflectarray design consists of a periodic arrangement of identical subarrays. In the 
present case, subarrays containing two orthogonal sets of dipoles, each composed of 6 
elements were designed for deflecting a normally incident wave into two different directions. 
At the operating frequency of 1 THz, i.e. λ0 = 300 μm and a = 100 μm, a progressive phase 
change of Δφ = ±60◦ between adjacent dipoles with the same orientation results in a beam 
deflection of 
θ = arcsin Δφλ0= ±30◦ 
   2πa 
 
where θ is the deflection angle off the specular reflection in the incident plane. The layout of 
the subarray obtained from this design procedure is shown in Fig. 2.2. By taking the 
fabrication tolerance into account, the length and the width of each dipole in the subarray 
were rounded to the next discrete value in micrometer. Due to different mutual coupling in 
the uniform and non-uniform arrays, the dimensions of the dipoles for constructing subarrays 
require fine tuning to achieve more accurate local phase response in the array. The 
corresponding optimized dimensions of the 12 dipoles are given in Table 2.1. 
 
Table 2.1. Dimensions of the dipoles for the optimized subarray. The units are in μm. 
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Fig. 2.2. Structure of one subarray made of 12 dipoles. 
 
Instantaneous field distributions depicting the response of the reflectarray illuminated by a 
normally incident plane wave at 1 THz are shown in Fig. 2.3. The incident field is shown in 
Fig. 2.3(b) whereas the scattered fields for the TE and TM polarizations are demonstrated in 
Figs. 2.3(a) and 2.3(c), respectively. The scattered fields clearly illustrate that the normally 
incident plane wave is deflected into predefined directions according to the polarization. The 
relatively strong amplitude suggests good efficiency for the deflection. Due to the attenuation 
and the discrete resolution of the dipoles, the uniformity of the deflected wavefront is slightly 
degraded. This phenomenon is more obvious for the TE polarization than for the TM 
polarization. It is noteworthy that, if the incident polarization is 45◦ in the xy plane, the 
normally incident beam will be split into two deflected beams of equal power with the sign of 
the deflection angle being determined according to the linear polarization component. The 
magnitudes of the surface current density plotted in Figs. 2.3(d) and 2.3(e) confirm that the 
two sets of dipoles are selectively excited by the corresponding polarization. 
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Fig. 2.3. Instantaneous incident and scattered field distributions from the reflectarray in TE and TM 
polarizations at 1 THz. When the incident wave (b) is impinging normally to the surface of the 
reflectarray, the TE and TM polarized wave are deflected into two different directions with the angles 
of -30◦ and +30◦ as shown in (a) and (c), respectively. The corresponding magnitude of the surface 
current density on the dipoles is shown in (d) and (e).  
2.2.2 Reflectarray fabrication 
In order to validate the reflectarray designed for beam splitting, a reflectarray was fabricated 
that contains a periodic arrangement of 252 x 84 subarrays shown in Fig. 2.2. This 
corresponds to a total sample size of 50.4mm  x  50.4mm, which fits a standard 3 inch wafer 
and is sufficient to cover a collimated beam in the measurement. The details of the fabrication 
process and sample are as follows:- 
A 3 inch silicon (100) oriented wafer was cleaned with acetone and isopropyl alcohol, dried 
with high purity compressed nitrogen, and coated with the metallic ground plane. The ground 
plane was composed of a 200 nm platinum thin film, with a 20 nm titanium thin film utilized 
to promote adhesion to silicon, deposited at room temperature by electron beam evaporation. 
A two-part, high purity, silicone elastomer- PDMS was prepared as a mixture of curing agent 
and pre-polymer in a 1:10 weight ratio. This PDMS is used to define the controlled thickness 
dielectric layer of 20 μm in the reflectarray. To attain 20 μm, the polymer is spin-coated at 
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1,950 rpm, with an acceleration of 1,000 rpm/s
2
 for 30 seconds duration. The layer is then 
cured at 72
◦
C for 1 hour. The metallic dipoles were defined using 200 nm thick gold films, 
with a 20 nm thick adhesion layer of chromium. This metallic bilayer is patterned using 
photolithography and wet etching, with the choice of platinum for the ground plane ensuring 
selectivity. The residual photoresist was cleaned with solvents, in preparation for terahertz 
measurements. A micrograph of a small region of the final sample is shown in Fig. 2.4, with 
one subarray highlighted. 
 
 
 
Fig. 2.4. Optical micrograph of a small part of the reflectarray. The dashed rectangle encloses one of 
the subarrays. 
2.2.3 Results and discussions 
Measurements: The sample has been measured using a commercial terahertz time-domain 
spectroscopy (THz-TDS) measurement system, namely, Tera K15 developed by Menlo 
Systems GmbH. A photograph of the measurement setup is shown in Fig. 2.5(a) with a 
corresponding schematic representation in Fig. 2.5(b). The two identical lenses with an 
effective focal length of 54 mm are used for obtaining a collimated beam. The emitter and 
lens #1 are mounted on a fixed rail. The sample is mounted on a platform with angular scale 
that can be rotated for adjustment of the incidence angle. Particular care is necessary to 
ensure that the surface of the sample has its centre located on the rotation axis. A 
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femtosecond optical pulse from a near-infrared laser source is guided by a fibre to the 
terahertz emitter. The generated broadband terahertz radiation guided from the emitter is 
collimated by lens #1 before impinging the reflectarray. The detection part of the system 
comprises lens #2 that focuses the scattered fields onto the detector. Both of the components 
are mounted on a rotation arm pivoting around the sample centre point. This arrangement 
allows convenient scanning of the radiation pattern in a wide angular range. 
For the reference, a gold-coated mirror replaces the reflectarray, and the incident and 
reflected angles are set to 15°. For each polarization, two measurements are carried out on the 
sample. Firstly, the incidence angle is set to 15° for measuring the specular reflection off the 
reflectarray sample. Secondly, the sample is illuminated at normal incidence in a given 
polarization, while the detection arm is rotated to scan the scattered terahertz waves at 
different angles. In this context, the spot size is 20 mm. As incidence angle changes, the spot 
size increases. To prevent any effects from edges of the design, the fabricated structure was 
made significantly larger. In the measurement of the radiation patterns, the scanning ranges 
for both the TE and TM polarizations are limited to the ranges, −48° to −22° and 22° to 48°, 
because the minimum clearance between the lens #1 and lens #2 precludes measurements 
around the specular direction. Measurements are not carried out beyond 48° or −48° because 
the deflection becomes negligible. A measurement angular resolution of 0.5° is sufficient for 
resolving the main features of the deflected beams. For measurements in the other 
polarization, both the emitter and detector are rotated by 90°, and the measurement procedure 
is repeated. All the measurements of the reflectarray are normalized using the mirror 
reference to remove any system dependency. 
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Fig. 2.5. Measurement system (a) Photograph of the measurement system. (b) Corresponding 
schematic. The beam from the emitter is collimated by lens #1, and incident on the surface of the 
sample. Lens #2 collects and focuses the scattered wave onto the detector. Lens #2 and the detector 
are fixed on a rotating arm pivoting around the location of the sample centre. This arrangement allows 
a wide angular range to be scanned. 
 
Results: For the TE polarized incident wave, the normalized spectra for specular reflection 
and −30° deflection are shown in Fig. 2.6(a). A distinct notch at around 1 THz can be 
observed from the sample specular reflection. This is because considerable energy around 
this frequency is deflected away from the specular direction. At the predesigned deflection 
direction of −30°, the strong deflection peak appears close to the design frequency of 1 THz 
as shown in Fig. 2.6(a) with the red solid line. It is observed that, for the TE polarized 
incident wave, 75% of the incident magnitude is deflected into the designed direction. Similar 
results are obtained for the TM polarization, however with the difference that the deflection 
direction is on the other side of the incident direction. The corresponding measured results 
are given in Fig. 2.6(b). Strong deflection can be observed at around 1 THz in the designed 
deflection of +30° with a deflection magnitude of around 80%, thus showing slightly higher 
deflection efficiency compared to the TE polarization. 
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Fig. 2.6. Measured normalized amplitude spectra for specular reflection (blue dashed line) and 
deflection (red solid line). The 15◦ incident waves with TE (a) and TM (b) polarizations are specularly 
reflected and distinct notches at around 1 THz are observed in the spectra, whereas the normally 
incident TE and TM waves are efficiently deflected into −30° and +30°, respectively. 
 
In order to characterize the angular behaviour of the deflected beams for normal incidence, 
the radiation patterns of the reflectarray for both of the TE and TM polarizations were 
simulated and measured as shown in Fig. 2.7. In the HFSS simulations, the radiation pattern 
of the TE and TM polarizations can be numerically obtained using an approach based on the 
array factor, but neglecting edge effects. The results shown in Figs. 2.7(a) and 2.7(b) 
demonstrate the predicted polarization-dependent deflections. A specular reflection 
component, i.e. a feed image lobe [25], exists but is around 10 dB lower than the maximum 
deflection. This specular component can also be interpreted as imperfectly suppressed zeroth-
order spatial harmonics associated with the subarray periodicity. The measured radiation 
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patterns at 1 THz are given in Figs. 2.7(c) and 2.7(d) for the TE (red line) and TM (blue line) 
polarizations, respectively. Because of different excitations, plane waves for simulations and 
Gaussian beams for measurements, wider deflection beams and lower side lobes were 
observed in measured radiation patterns when compared with the simulated patterns. The 
measured cross-polarized components caused by grating lobes in the deflected beams are −27 
dB for the TE polarization and −29 dB for the TM polarization. However, it is noted that 
those values are most likely limited by the measurement system dynamic range.  
 
 
 
Fig. 2.7. Radiation patterns at 1 THz for TE and TM polarized incident waves on a logarithmic scale. 
The normally incident wave with the TE or TM polarization can be efficiently deflected into the 
direction of −30° or +30°. (a) and (b) Simulated radiation patterns for the TE and TM polarized 
incident plane wave, respectively. (c) and (d) Measured results for the TE and TM polarized incident 
Gaussian beam, respectively. 
 
The above measurement results demonstrate promising prospects for the designed 
reflectarray for terahertz beam splitting. However, there are two aspects that could be 
improved for further enhancing the performance of the reflectarray. Firstly, the angle for the 
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maximum deflection amplitude of the TE and TM polarized incident waves shifts from the 
designed +30° at 1 THz to measured −28° at 1.04 THz and +29° at 1.03 THz, respectively. 
This slight disparity is caused by fabrication tolerance. In particular, the substrate thickness 
of the fabricated sample has been estimated to be 17 μm, rather than the target thickness of 20 
μm. The fabrication tolerance moves the frequency for the maximum deflection slightly off 
the designed optimal frequency, which translates in a shift of the angle for the maximum 
deflections, i.e. through the phenomenon of beam squint with frequency [26]. Secondly, the 
deflection efficiency for the TE and TM polarizations could be improved by using dielectric 
substrates with lower loss tangent. 
2.2.4 Fabrication challenges and solutions 
Since the thickness of PDMS is a crucial aspect of the reflectarray design, it was required to 
be as accurate as possible. The attained thickness was verified experimentally by surface 
profilometry. It was not a straightforward process to attain the desired dielectric thickness. 
The required thickness was obtained after many trials of spin coating with different spin 
speeds, different spin durations followed by height characterisation. The higher the spin 
speed, the lower the thickness obtained and vice versa. For attaining dielectric thickness of 20 
µm, the spin speed was 1950 rpm. 
2.2.5 Summary 
 Both the simulation and measurement results successfully verify that the designed 
reflectarray can efficiently deflect the incident waves into different directions 
depending on the incident linear polarization. 
 An efficiency of over 60% and polarization purity of at least -27 dB was achieved. 
 For higher deflection efficiency, a lower loss material could be applied as the 
substrate.  
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 As the reflectarray construction is based on resonant elements, the  -3 dB bandwidth 
of the designed beam splitter is limited at about 3% in the present case.  
 These results were published in Optics Express. 
2.3 Ultra broadband polarisation convertor 
Terahertz science and technology have seen rapid development, underpinned by many 
promising applications in imaging, sensing, and communications. Towards these 
applications, high-performance terahertz components become essential for manipulating 
terahertz waves. One important group of components is related to polarization manipulation, 
including polarizers, wave retarders, and polarization rotators. In particular, conventional 
wave retarders can be achieved by using wave plates made of natural birefringent materials 
with a retardation effect [27, 28]. Those wave plates require a relatively long propagation 
distance to obtain sufficient phase accumulation, despite the limited operation bandwidth and 
availability. Thus, more convenient and flexible approaches are desirable to fully manipulate 
the polarization state of electromagnetic waves.  
Over the past decade, metamaterials as artificial composite materials have attracted great 
attention due to their exotic electromagnetic properties unavailable to naturally existing 
materials. Such unique properties open up significant opportunities, including an alternative 
approach to manipulating the polarization of electromagnetic waves.  Several high-efficiency 
wave retarders have been demonstrated through different metamaterial microstructure 
designs, and these polarization wave retarders were demonstrated for conversion between 
different polarization states, such as linear to linear [29-33], linear to circular [34,35], and 
circular to circular polarization [36]. Compared with the traditional wave plates, these 
metamaterial-based wave retarders have advantages including subwavelength thickness, high 
conversion efficiency, angular tolerance, and scalability. In most of the existing wave 
retarders, the polarization states are manipulated in the transmission mode with a limited 
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number of designs operating in the reflection mode. For most retarders in the reflection mode, 
the undesirable high co-polarization reflection severely limits the polarization conversion 
efficiency and the bandwidth. To extend the functionality, broadband reflective polarization 
convertors or retarders with high performance are highly desirable. 
In this work, an ultrathin and highly efficient half-wave retarder operating in the reflection 
mode at terahertz frequencies has been presented. Based on the concept of metamaterials, the 
retarder comprises an array of split-ring resonators (SRRs) and disk resonators (together 
henceforth referred to as DSRRs), which in conjunction can rotate the linear polarization by 
90° with an extended operation bandwidth. An underlying physical mechanism of the 
observed polarization conversion is investigated through decomposed electric field 
components that interact with the DSRRs. 
2.3.1 Design and simulation 
A schematic of the proposed reflective linear polarization convertor is shown in Fig. 2.8. A 
unit cell of the DSRR is composed of a metallic disk and split-ring resonator placed near to 
the ground plane and separated by a 30 µm thick polydimethylsiloxane (PDMS) dielectric 
spacer. Specifically, the top metallic layer and the ground plane are made of 200 nm thick 
gold and platinum layers, respectively, to provide etch selectivity during microfabrication. 
The structure is periodic along the x and y axes with periods px and py of 110 µm to avoid 
diffraction at the normal incidence for frequencies up to 2.7 THz. As shown in Fig. 2.8(a), the 
DSRR orientation is such that incident waves with the polarization along the x or y axis is 
rotated by 90° to their orthogonal polarization state after reflecting off the structure. 
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Fig. 2.8. Schematic of the proposed polarization convertor: (a) A DSRR array and (b) a unit cell 
structure. The dimensions are as follows: px = py = 110 µm, ts = 30 µm, ri = 28 µm, ro = 48 µm, w = 12 
µm, α = 6.8, and h = 41.6° 
 
In order to gain insight into the mechanism of the polarization conversion, simulations based 
on the finite element method (FEM) are performed by using the frequency domain solver in 
CST Microwave Studio for the unit cell structure. In the simulation, the relative permittivity 
and loss tangent of PDMS are 2.35 and 0.06, respectively, as determined from independent 
measurement. The material parameters of the gold and platinum layers are explained by the 
surface impedance model with Drude parameters. The PDMS thickness and DSRR 
geometrical parameters are given in Fig. 2.8. 
2.3.2 Reflectarray fabrication 
The DSRR design shown in Fig. 2.8 has been fabricated with photolithography and 
metallization process steps. A ground plane made of a 200 nm platinum layer with a 20 nm 
thick titanium adhesion layer was deposited on a standard silicon substrate. The PDMS was 
subsequently prepared in a 1:10 ratio of curing agent to pre-polymer and spin-coated onto the 
platinum surface and cured. A spin speed of 1900 rpm with acceleration of 1000 rpm/s
2
 and 
spin duration of 30 s were used. Then, a 200 nm gold layer with a 20 nm chromium adhesion 
layer was deposited. This metal bilayer was patterned to define the DSRR structure by 
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photolithography and wet etching. The sample was then cleaned with solvents to strip 
residual photoresist in preparation for terahertz measurements.  
 
 
 
 
Fig 2.9. Schematic of reflectarray structure 
 
The sample measures 50 x 50 mm
2
 and is made up of 207,025 identical DSRRs with periodic 
arrangement. Figure 2.10 shows the microscopic images that reveal the details of a small area 
and a unit cell of the sample. Subsequent characterization of the sample with a surface/stylus 
profilometer shows that the actual PDMS thickness, ts, is 45 µm, as opposed to the target of 
30 µm. This discrepancy was likely caused by tolerances in fabrication and measurement. 
 
 
Fig. 2.10. Fabricated structure- microscopic images for a small area (a) and a unit cell (b) of the 
convertor with dimensions in agreement with Fig. 2.8(b). 
 
 
 
 
Au/Cr 
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PDMS 
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2.3.3 Results and discussions 
Measurement: The measurement utilizes a fibre-coupled terahertz time domain spectrometer 
(THz-TDS), Tera K15 manufactured by Menlo Systems GmbH. For normal incidence, as 
shown in Fig. 2.11(a), a linearly polarized terahertz beam from an emitting photoconductive 
antenna (PCA) is collimated with a dielectric lens, directed through a linear polarizer and a 
beam splitter, and then reflected normally from the sample. The reflected beam is then 
directed by the beam splitter through a second polarizer into a second lens that focuses the 
energy onto the receiving PCA. Here, an ordinary 2 inch undoped float-zone silicon wafer 
with a thickness of 3.5 mm and resistivity of 10 kΩ.cm is used as a beam splitter. A gold-
coated mirror replaces the sample for reference measurement. For the 45° specular 
measurement, as shown in Fig. 2.11(b), the emitter and receiver antennas are each inclined in 
the x-z plane to an angle of +45° with respect to the normal of the sample surface. For all 
measurements, the total scanning duration time was 78 ps and was digitized with a step size 
of 0.078 ps. 
 
 
 
Fig.2.11. Configurations of the fibre-coupled terahertz system for cross polarization 
measurement (a) Normal incidence and (b) oblique incidence at 45° 
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Figures 2.12(a) and 2.12(b) show the magnitude of the reflection coefficients at normal 
incidence for the optimal and fabricated structures with the PDMS thicknesses ts of 30 µm 
and 45 µm, respectively.  
 
 
 
Fig. 2.12. Responses of the convertor at normal incidence. Magnitude of the reflection coefficients rxx 
and ryx for the optimal design (a) and fabricated design (b) PCR for the optimal design (c) and 
fabricated design (d). 
 
It can be seen that the adjusted numerical results are in reasonable agreement with the 
measured results. From the simulated reflection coefficients of the optimal structure in Fig. 
2.12(a), three resonances: f1 = 0.71 THz, f2 = 0.99 THz and f3 = 1.37 THz, can be observed 
with the magnitude of the co-polarization reflection coefficient, rxx, reaching the local minima 
of about 0.10, 0.05, and 0.10, respectively. These three resonance positions correspond to the 
high magnitude of the cross-polarization reflection coefficient ryx. In Fig. 2.12(b), only two 
resonances can be observed in the fabricated sample, and the co-polarization component rxx is 
high around 1.0 THz. For the optimal design, the measured magnitude of the cross-
polarization component is greater than 50% from 0.58 to 1.52 THz, while the co-polarized 
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component is less than 30% on average. Figures 2.12(c) and 2.12(d) show the simulated and 
measured PCRs (polarization conversion ratio) as a function of frequency. It is shown that the 
PCR of the optimal structure in Fig. 2.12(c) is roughly above 80% from 0.65 to 1.45 THz. 
Hence, the bandwidth relative to the centre frequency is 76%. This achieved bandwidth is 
nearly twice as broad as that obtained from L-shaped antennas in the infrared regime [31]. 
For this optimal design, the PCR is greater than 95% at the three resonance frequencies, 
where nearly perfect polarization conversion takes place. 
The broadband operation mainly originates from the superposition of multiple resonance 
modes. As for the fabricated non-optimal structure in Fig. 2.12(d), the PCR is degraded but 
can still be maintained over 50% from 0.53 to 1.36 THz. This reasonable performance 
demonstrates the robustness of the design to fabrication tolerances, particularly where the 
PDMS thickness is deviated by up to 150%. Figure 2.13 shows the magnitude of the 
reflection coefficients of the non-optimal structure at 45° oblique incidence in the x-z plane 
with the TM and TE polarizations. The experimental and numerical results are in good 
agreement in general. For both of the polarizations, the measured magnitude of the cross-
polarization reflection coefficients (ryx and rxy) is greater than 50% from 0.52 to 1.3 THz, 
while the co-polarization reflection coefficients (rxx and ryy) are less than 50%. The 
corresponding PCRs are greater than 75% at most points in this band as shown in Figs. 
2.13(c) and 2.13(d). Those sharp spectral features are not resolved in the experiment because 
of the limited spectral resolution. It is clear that the bandwidth of the convertor can be 
reasonably sustained at a wide range of incidence angles. 
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Fig. 2.13. Responses of the non-optimal convertor at 45° oblique incidence. (a) and (b) The reflection 
coefficients for the TM and TE polarizations, respectively. (c) and (d) The PCRs for the TM and TE 
polarizations, respectively. 
2.3.4 Fabrication challenges and solutions 
The deposition process of gold-chromium layers posed certain issues – during electron beam 
evaporation, the sample went through a temperature cycle, during which PDMS expands. 
PDMS has a high thermal expansion coefficient (TCE) and metals have a low TCE. During 
deposition if the sample temperature goes up (even slightly), the PDMS expands 
considerably. Consequently, this has two effects:  
(i) it can create ripples in any underlying metal layer (platinum in this case). 
(ii) the metal layer being deposited will deposit flat and smooth. On removing the 
sample from evaporation chamber, it cools down to room temperature and this 
results in the PDMS shrinking. Hence, the metal layer has resulting wrinkles. To 
overcome this problem, the deposition of these samples was trialled at 0.04 nm/s 
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whereas the standard rate is 0.1 nm/s. Despite this, the desired results were not 
achieved; hence another deposition system (Balzers system) was used to complete 
the procedure successfully. This Balzers deposition system produced lesser heat 
unlike the Lesker system, because of which the metal deposition was smoothly 
done.  
2.3.5 Summary 
 An array of the DSRRs has been numerically and experimentally demonstrated that 
functions as a broadband half-wave plate to convert the linear polarization of terahertz 
waves into its orthogonal polarization.  
 The reflection-mode operation at terahertz frequencies offers an alternative to existing 
convertors operating in transmission. 
 For the optimal design, the polarization conversion ratio is greater than 80% in the 
frequency range between 0.65 and 1.45 THz, equivalent to 76% bandwidth. This high 
polarization conversion efficiency is ascribed to the three resonances that can be tuned 
via the DSRR geometry.  
 The results show that this convertor can tolerate the oblique incidence with an angle at 
least 45° for both the TE and TM polarizations.  
 These results have been published in Applied Physics Letters. 
2.4 Polarisation dependent thin-film reflect array 
Owing to the advantages of flat profile and high efficiency, reflectarrays have been widely 
implemented across the electromagnetic spectrum [37], from microwave [38, 39], millimetre-
wave [40, 41], terahertz [42, 43], to optics [44-47]. A typical reflectarray is composed of 
three layers: a top layer with resonant elements arranged periodically with a beam-forming 
phase distribution, a dielectric spacer, and a metal ground plane. As one of the possible 
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functions of a reflectarray,  waves incident on its surface can be deflected into an off-specular 
direction. Because of the presence of a full metal ground plane, the incident electric field can 
only be reradiated backwards into free space after interacting with the reflectarray. In this 
work, a reflectarray using patterned double-layer metallic wire-grid geometry is proposed to 
realize two functions of polarization-dependent reflective deflection and transmission at 
terahertz frequencies, and therefore it can be considered as a combination of a reflectarray 
and a wire grid polarizer [48]. This reflectarray structure is fabricated on a free-standing 
flexible polymer substrate. Hence the structure is flexible and stretchable. 
2.4.1 Design and simulation 
A schematic diagram of the unit cell and the layout for the proposed reflectarray is given in 
Fig. 2.14. The array is composed of periodically arranged identical subarrays. Each subarray 
contains a certain number of subwavelength unit cells, and each cell is made of a resonant 
element on the ground plane with a flexible polymer polydimethylsiloxane (PDMS) [49] as a 
dielectric spacer. This individual resonant element is formed by grouping thin gold strips 
together in a square shape, while the ground plane is made of continuous gold strips [50]. All 
the gold strips for both the top and bottom layers have a width of 5 µm, and are uniformly 
arranged with an inter-strip spacing of 5 µm. The size of the unit cell is fixed at a = 140 µm 
and the thickness of the PDMS substrate is h = 20 µm. To improve the structural strength, a 
supporting layer of PDMS with a thickness of 100 µm is included as the backmost layer. For 
clarity, this layer is not included in Fig. 2.14. 
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Fig. 2.14. A schematic diagram of the unit cell and the layout of the reflectarray. Each radiating 
element is composed of metal strips to form a polarization-dependent patch resonator, and the ground 
plane is made of a metallic wire grid. (a) The unit cell with a width of a = 140 µm and a thickness of h 
= 20 µm. (b) A part of the reflectarray showing 4 subarrays with each subarray being composed of 4 
unit cells with different sizes of radiating elements. The shaded zone specifies one of the subarrays. 
The polarization-dependent function is indicated with green and red arrows. 
 
The proposed unit cell shown in Fig. 2.14(a) was simulated with the commercial software 
package, Ansys HFSS. A plane-wave excitation with a Floquet port and master-slave 
boundary conditions are applied for investigating the phase and magnitude responses of the 
unit cell in a uniform array. At 1 THz, the surface impedance of gold [51] obtained from a 
Drude model is ZAu = 0.287 + j 0.335 Ω/sq, and the relative permittivity and loss tangent of 
PDMS [49] adopted from independent measurement are ϵr = 2.35 and tan δ = 0.06, 
respectively. For incident waves with a polarization parallel to the strips, denoted as the TE 
polarization, the structure performs as a reflectarray. Here, each group of thin strips on the 
top layer behaves as polarization-dependent equivalence of a patch resonator. When the 
length of the equivalent square patch is varied from 20 µm to 135 µm, the number of strips 
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discretely increases from 2 to 14, as obtained by rounding the value of l/10 to the next 
integer. Over this length variation, a reflection phase range of over 300◦ is achieved for the 
TE polarization with acceptable efficiency, as shown in Fig. 2.15. The highest reflection loss 
of about  -5 dB takes place at the resonant size of the wire-grid patch, for a length l of around 
81 µm. For the excitation with the TM polarization (also shown in Fig. 2.15), regardless of 
the patch size, the transmission amplitude and phase remain nearly constant, with a small loss 
introduced by the dielectric PDMS substrate. The transmitted energy of less than -26 dB for 
the TE polarization and the reflected energy of around -11 dB for the TM polarization are 
insignificant, and are not presented in Fig. 2.15.  
 
 
 
Fig. 2.15. Phase and magnitude responses of the unit cell for both the TE and TM polarized incident 
waves. (a) Phase response, and (b) magnitude response. The four marks on the phase and magnitude 
curves indicate the selected radiating elements for defining a subarray that completes one full phase 
cycle. 
 
For comparison, the reflection phase and magnitude responses of equivalent resonators 
realized with solid patches and single dipoles with a width of 5 µm, both on a grating ground 
plane, are also displayed in Fig. 2.15. The wire-grid patch offers similar phase and magnitude 
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responses as those of the solid patch for the TE polarization. However, for the TM 
polarization, the solid patch has much lower transmission efficiency that reduces from -0.4 
dB to -10 dB when the patch size increases from 20 µm to 135 µm (this result is not included 
in Fig. 2.15). On the other hand, the phase curve of the single dipole resonator has a 
remarkably steep slope and significantly higher loss due to a high-Q resonance. Therefore, 
using the wire-grid patch resonator as radiating elements combines the advantages of high 
efficiency of the patch (for the TE polarization) with the polarization dependence of the 
dipole. 
As a proof of concept, a polarization-dependent reflectarray is designed to deflect a normally 
incident TE polarization into a predefined direction while transmitting the TM polarization. 
For simplicity, the array is constructed as periodic arrangement in subarrays, designed based 
on the phase response of the unit cell as shown in Fig. 2.15. The deflection angle θ is 
determined by the progressive phase change of adjacent wire-grid patches according to the 
formula [3] 
 
 
where λ0 is the operation wavelength, and d = 2πa/Δϕ is the size of the subarray, while Δϕ is 
the progressive phase change between adjacent cells and a is the size of the unit cell. The 
value of Δϕ can be chosen arbitrarily. Here, Δϕ = π/2 was chosen so that a complete phase 
cycle of 2π is achieved with subarrays of 4 elements. Therefore, the length of the subarray is 
given by d = 4a = 560 µm to achieve a deflection angle of θ = 32.4° at 1 THz. The size and 
corresponding phase and amplitude responses of the 4 elements are marked in Fig. 2.15(a). It 
is noted that the fabrication tolerance demands the lengths of the strips for the radiating 
elements to be rounded to discrete values in microns, and thus, small phase inaccuracies can 
be expected particularly where the phase response is highly sensitive to a change in the wire-
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grid patch length i.e. in the section of the phase curve with a steep slope. The simulated 
scattered field distributions for the TE and TM polarized plane wave excitations are 
demonstrated in Fig. 2.16(a) and (b), respectively. When the normally incident plane wave is 
polarized in the direction parallel to the strips (TE), the designed structure functions as a 
reflectarray deflecting the incident waves into the predesigned direction θ = 32.4◦ off the 
specular reflection. From Fig. 2.16(a), the energy leaked to the other side of the structure is 
relatively small. For the plane wave with polarization perpendicular to the strips (TM), the 
structure allows transmission with minimal attenuation caused by the dielectric dissipation 
and reflection losses.  
 
Fig. 2.16. Instantaneous scattered fields from the reflectarray in the TE (a) and the TM 
(b) polarizations at 1 THz 
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2.4.2 Reflect Array Fabrication 
The transmit reflectarray was fabricated by using planar fabrication techniques, which are 
predominantly classified into lift-off and etching processes. Etching processes involve 
corrosive etchants (hydrochloric and nitric acid in the case of gold thin films) to etch the 
metal layer used to define the conductive elements. In lift-off technique, photo-patternable 
resists that can be developed using organic solvents are used to realise patterned metal layers. 
The designed reflectarray has been fabricated for validation of the proposed functionality. 
The microscopic images of a small area in Fig. 2.17 show the details of the gold wire-grid 
patches and the wire-grid ground plane. The entire sample has a size of 50.4mm x 50.4mm 
and contains 90 x 360 periodically arranged subarrays. 
 
 
Fig. 2.17. Microscope images of a part of the fabricated sample. (a) The gold wire-grid patches of 
several subarrays located on the front side of the sample. (b) Back side showing the gold wire-grid 
ground plane. 
 
The fabrication of the transmit reflectarray was very challenging, since it is a multilayer 
device. The fabrication steps are described in the following page. 
 
100 µm 
100 µm 
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   STEP 1: Begin with a standard 3” silicon wafer. 
 
 
 
 
  
 STEP 2: Deposit 20 nm Aluminium on Si wafer to promote adhesion 
 
                                       
 
 
 
 STEP 3: Spin coat 100 microns of PDMS 
 
 
 
                                        
 
 
 
                                        STEP 4: Deposit Cr:Au (20:200nm) and pattern with Mask L1. 
 
 
 
 
                                        
 
 
 STEP 5: Spin coat 20 microns of PDMS 
 
 
 
 
   
 
 
                                         STEP 6:  Deposit Cr:Au again and pattern with Mask L2 
 
 
 
 
 
 
 
                                                   
                                           STEP 7:  Peel off the substrate from Si wafer and transfer to holders  
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The resonator structures have been fabricated for experimental validation by utilizing 
standard microfabrication techniques. The resonators are made by patterning thin layers of 
metal film deposited on flexible PDMS substrate. The substrate layer for the resonator 
structures is obtained by spin coating PDMS on to a silicon wafer to obtain a thickness of 100 
μm. Metal layers are deposited on the cured-PDMS coated wafer using electron-beam 
evaporation at room temperature. Firstly, a thin layer of chromium (20 nm) is deposited, to 
enable adhesion of the gold metal layer, followed by gold (200 nm) deposition on the PDMS 
substrate. The metal layers are patterned using standard photolithography techniques. 
Thereafter,  a second layer of PDMS (20 μm) is spin coated on top of the above patterned 
sample to avoid delamination of metal layers from PDMS substrate that could result from 
repeated cycles of mechanical deformation. A second layer of gold-chromium (200:20 nm) is 
deposited onto the surface and patterned with the second mask. Finally, the fabrication 
process is completed by aligning the two patterns. The completed resonator structure is 
peeled off from the supporting silicon substrate to realise arrays of two designs. 
Some factors are to be considered before choosing a suitable substrate as dielectric spacer. 
The electrical parameters of the substrate, such as loss tangent and dielectric constant should 
have minimum influence on the operation of terahertz devices. Apart from its electrical 
parameters, mechanical parameters such as Young‟s modulus, thermal expansion coefficient 
and glass transition temperature of substrates are other critical parameters to consider, as they 
enable excellent integration and tuning capabilities. An ideal substrate for such reflectarrays 
should have low losses at the terahertz frequencies and excellent mechanical properties for 
tunability and integration. 
Polydimethylsiloxane (PDMS) has been employed extensively as dielectric spacer in all of 
the reflectarray prototypes. It is an elastomeric polymer with unique features like 
biocompatibility, excellent flexibility and elasticity properties. These unique properties of the 
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substrate and low absorption losses allows realisation of terahertz reflectarray structures. 
Furthermore, freestanding films of PDMS and its transparency to a broad range of the 
electromagnetic spectrum make it a viable substrate for broader bandwidth terahertz 
applications. 
2.4.3 Results and discussion 
Measurements: The sample is measured with a terahertz time-domain spectroscopy (THz-
TDS) system, Tera K15 developed by Menlo Systems GmbH. The schematic diagram for the 
measurement setup is show in Fig. 2.18. The front surface of the sample is located at the 
centre of the scanning circle, and faces the direction of 0°. The emitter antenna is fixed on the 
circle at 0°, and the emitted terahertz beam is collimated by lens 1 before impinging on the 
sample.  Lens 2 collects and focuses the scattered radiation into the detector, and the detector 
antenna is automatically moved along the circle with an angular resolution of 0.5° to establish 
a radiation pattern. The minimum clearance between the emitter and the detector is 25°. 
Three measurement configurations are necessary to characterize the sample. The first two 
configurations are set to collect the radiation patterns around the sample for normal incidence 
in the TE and TM polarizations. Because of the blind zone around the emitter, a third 
configuration is necessary to measure the specular reflection for the TE wave, which is 
achieved by rotating the sample with an angle of 20° while the emitter remains positioned at 
0°. All the measurements are normalized using the air reference in transmission to remove 
system dependency. 
 
40 
 
 
 
Fig. 2.18. Schematic diagram for the THz-TDS measurement setup. The beam from the emitter at 0° 
is collimated by lens 1, and incident on the front side of the sample located at the centre of the circle. 
Lens 2 collects and focuses the scattered wave onto the detector pivoting around the location of the 
sample centre in the clockwise direction from 25° to -25°. This arrangement allows an angular range 
of 310° to be scanned. 
2.4.4 Fabrication challenges and solutions 
The first challenge with these samples was to have a controlled etching of Chromium. The 
initial sample was chrome etched up to 10s, (considering Cr thickness to be 20 nm, which is 
the standard etch duration). But the structures got completely peeled off the surface. For the 
second sample, the etch duration was reduced and the process was carried out in two steps of 
2-to-3 seconds. This did not help either, just a tiny region of the pattern survived. The 
ultimate solution which worked here was to dilute the chromium etchant in ratio of 1:2 and 
carefully carry out chromium etching.  
The features generated using the second mask (where alignment was done) looked good on 
all the sample corners (corners of the squared pattern, which is close to the edge of the 3'' 
wafer). However, in the centre of the sample this was not the case for the first prototype. The 
photoresist pattern was influenced by the diffraction of the ultraviolet light (due to an air gap 
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between the sample and the mask). This indicated possibility of an edge bead from the PDMS 
layer. To get rid of this edge bead, the PDMS layer in other samples was allowed to rest for a 
few hours between spinning and curing. Also, the contact pressure for these samples was 
increased during the UV exposure (the contact was harder than usual). The aim was to reduce 
the air gap that was limiting the photoresist pattern quality in the centre of the sample. This 
resulted in better quality samples.  
2.4.5 Summary 
 The concept of reflectarray based on the metallic wire-grid configuration has been 
numerically and experimentally validated in the terahertz regime.  
 The combined polarization-dependent functions of reflective deflection and 
transmission are realized by the same structure.  
 In the TE mode, a deflection efficiency of -4.1 dB is achieved. On the other hand, the 
TM waves can be transmitted through the reflectarray with a minimal change in 
amplitude.  
 A small shift in the manufactured wire-grid patches was noticed as a result of the 
mask preparation. Despite that imperfection, the sample still performs as expected, 
which further confirms the robustness of the design. 
 These results have been published in Applied Physics Letters. 
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CHAPTER 3 
ULTRA BROADBAND TERAHERTZ ABSORBERS 
3.1 Introduction 
The electromagnetic response of natural materials forms the basis for the construction of 
most modern optoelectronic devices. However, this electromagnetic response is not evenly 
distributed across the electromagnetic spectrum. At frequencies of a few hundred gigahertz 
and lower, electrons are the principle particles which serve as the workhorse of devices. On 
the other hand, at infrared through optical/ultraviolet wavelengths, the photon is the 
fundamental particle of choice. In between these two fundamental response regimes, there 
exists a region comparatively devoid of material response, commonly referred to as the 
„terahertz gap‟. Although enormous efforts have focused on the search for terahertz materials 
to enable the construction of device components, much work remains. There is a wide range 
of natural phenomena that could be probed with terahertz devices. Specifically, a perfect 
absorber would be useful for terahertz imaging and detection via enhanced contrast and 
sensitivity [52]. By definition, perfect absorbers are those materials which can absorb 
electromagnetic waves with near unity absorbance. Metamaterials are candidates for creating 
perfect absorbers owing to the possibility of tailoring the response of the structure with 
greater flexibility [53, 54].  
Landy et al. [55] first demonstrated the perfect metamaterial absorber concept in the 
microwave range and since then great interest in electromagnetic absorbers has extended 
towards optical frequencies in recent years [56-70]. Metamaterial absorbers typically consist 
of two coupled metallic layers separated by a dielectric spacer to create electric and magnetic 
responses for impedance matching with free space [71]. The electric response can be obtained 
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from excitation of the top metal layer readily coupled to an external electric field, while the 
magnetic response is provided by pairing the top layer with a metal ground plane or metal 
wire for an external magnetic field. In the microwave and terahertz regions, these 
metamaterial absorbers obtain high absorption through dielectric loss and impedance 
matching at resonance [71]. Due to the nature of resonance response, these metamaterial 
absorbers usually exhibit narrowband absorption that has advantages in applications such as 
filtering, sensing, and modulation [72]. Broadband perfect absorbers are desirable for other 
applications such as high-efficiency signal detection and communications. This has 
necessitated significant research effort towards extending the absorption bandwidth. 
Graphene was introduced to construct broadband terahertz absorbers due to its exceptional 
properties, such as optical transparency, flexibility, and tunability [73-75]. However, the 
structure is demanding in terms of cost and complexity. Another alternative promising 
material for terahertz absorption is a moderately doped semiconductor, which can be readily 
fabricated using conventional microfabrication techniques. At terahertz frequencies, doped 
semiconductors have desirable conductive loss, enabling them to sustain surface plasmon 
polaritons (SPPs) and correspondingly localized surface plasmon resonances (LSPRs) via 
periodic structures [76-78]. In this work, we show that distinctive plasmonic modes in 
silicon-based cavities can serve to greatly enhance the absorption bandwidth for ultra 
broadband operation. Our single-layered structure is more attractive than prior broadband 
multilayered absorbers in terms of fabrication simplicity, cost, and allows for possible 
integration into silicon-based systems. 
3.2 Design and fabrication 
Design: The plasmonic absorber is in the form of a 2D array of cross structures etched into a 
doped silicon substrate. An optimal design is illustrated in Figure 3.1, together with the field 
directions. Either of the two dotted areas in the 2D array can be regarded as a unit cell of the 
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plasmonic absorber. Particularly, the unit cell defined by the etched middle region, as shown 
by the red-dotted box, can be seen as a resonant cavity, which can support different LSPRs in 
the terahertz frequency range. The depth of the cavity, tb , is 65 μm, which is comparable to a 
quarter of the free-space wavelength at 1 THz. To obtain strong LSPRs for this cross 
structure, a phosphorous-doped (n-type) silicon wafer of (100) orientation is utilized. 
Specifically, the material resistivity of this wafer is between 0.02 and 0.05 Ω cm [70]. To 
study its efficiency and gain insight into the mechanism of the enhanced absorption, finite 
element method (FEM) simulations were performed by using the frequency domain solver in 
CST Microwave Studio for the unit cell structure with a Drude model for the silicon. 
 
Fig. 3.1. The plasmonic absorber. a) Schematic of a 2D array carved from a doped silicon substrate. 
The geometric parameters are: px = py = 200 μm, tb = 65 μm, a = 60 μm, l = 160 μm, and ts = 200 μm. 
b,c) Scanning electron images of the fabricated cross structure viewed at 35° from the normal. 
 
Fabrication:  Microfabrication as a combination of photolithography and plasma-assisted 
DRIE was undertaken to realize the structures in Figure 3.1a. Samples 35 x 35 mm
2
 in area 
were produced, containing 30,625 identical cross structures. The plasmonic absorber was 
fabricated by using conventional microfabrication techniques involving photolithography and 
deep-reactive ion etching (DRIE). The silicon wafers were patterned using standard 
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photolithography. Firstly, the silicon wafers were thoroughly cleaned with acetone and 
isopropyl alcohol (IPA) followed by a dehydration bake. The cleaned wafers were then spin-
coated with a positive type thick photoresist (AZ 4562, MicroChemicals) at 2000 rpm speed 
for 30 s (with a spread cycle having speed 500 rpm at 20 s). Later, the wafers were soft-baked 
at 110º for 2 minutes on a hotplate. Using contact lithography, both the mask and the wafer 
were brought in contact and exposed to UV light. The exposed wafer was developed using 
developer (AZ400K) to create openings for the etching. 
Thereafter, the patterned silicon wafers were etched using the Bosch DRIE process. Bosch 
DRIE is a physical etching process to anisotropically etch silicon wafers and it can produce 
high aspect ratio vertical side walls. In the Bosch process, a mixture of SF6 and C4F8 gas were 
alternatively permitted into the high vacuum chamber and ionized by applying RF power. 
The ionized SF6 etchant gas was accelerated towards the silicon wafer to create deep trenches 
in it, C4F8 gas mixture passivates the side walls to obtain smooth high aspect ratio 
vertical trenches. The etch rate of the silicon wafer using the Bosch DRIE process was 
approximately 0.4 μm/cycle and the process was timed to etch 65 μm deep trenches into the 
silicon wafer. This was confirmed using a profilometer (Ambios XP-2). On completion 
of etching, the photoresist was stripped off using acetone and the samples were cleaned using 
oxygen plasma to remove any polymer residue on the wafers. The quality, including the 
depth and smoothness, of the fabricated structure was  then examined using a FEI Nova field 
emission gun SEM. Figures 3.1b,c present scanning electron images of the fabricated unit-
cell structure and the cross array, respectively. Relatively smooth and straight sidewalls of the 
crosses are apparent in the images. Following microfabrication, reflection-mode terahertz 
time-domain spectroscopy (THz-TDS) was performed on the sample at normal incidence. 
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3.3 Results and discussions 
Measurement: The absorber characterization was carried out by the use of reflection-mode 
THz-TDS at normal incidence. The generated linearly polarized terahertz beam propagates 
through a beam splitter and is then focused by an off-axis parabolic mirror onto the sample at 
normal incidence. The reflected beam from the sample is then collected by the same mirror 
and back to the beam splitter that partially reflects the energy into the photoconductive 
antenna (PCA). A gold-coated mirror replaces the sample for reference measurement. The 
total scanning duration time is 55 ps and is digitized with a step size of 0.067 ps. 
Figure 3.2 shows the results for the designed and fabricated plasmonic absorber. It can be 
seen that the numerical and experimental results are in good agreement, with a slight blue 
shift in the spectral response observed in the experiment. A small deviation between the 
numerical and experimental results is caused by tolerances in fabrication and measurement 
and the limit of the system dynamic range at higher frequencies. From the measurement, the 
reflectance reaches minima of 1.78% and 0.15% at the frequencies of 0.86 and 1.49 THz. 
These reflectance minima correspond to the absorbance of  98.22% and 99.85%, respectively. 
The simulated absorbance is more than 90% from 0.67 to 1.78 THz, and hence, the relative 
bandwidth is 90%.  As for the bare silicon in Figure 3.2b, the absorbance determined from 
the simulated reflectance increases with an increase of the frequency and up to a maximal 
value of 78% at around 2.7 THz, where the material becomes dielectric. Hence, it can be 
deduced that the two absorption peaks observed in the absorber are associated with two 
plasmonic resonances, which can be excited by incident linearly polarized terahertz waves. 
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Fig. 3.2. Numerically and experimentally resolved spectra. a) Reflectance R (ω) and absorbance A (ω) 
for the 2D cross array absorber. b) Reflectance R (ω) and absorbance A (ω) for the bare, doped silicon 
substrate. The shaded area marks the limit of the system dynamic range. 
 
The current densities and field distributions on the absorber are shown in Figure 3.3, for both 
of the resonances at 0.80 and 1.44 THz. From Figure 3.3 a,b, we find that the current density 
for the lower resonance at 0.80 THz is mainly on the top and bottom arms, while that for the 
higher at 1.44 THz concentrates on the left and right arms. The current distribution at the 
lower frequency suggests that the cross structure does not resonate by itself as in the case of 
metallic resonators, for which the current is relatively strong in the middle region [79]. From 
the field distributions in Figure 3.3c,d, it is clear that at the lower resonance the electric field 
is localized in the small cavity formed between the top and bottom arms, while at the higher 
resonance the field concentrates in the large square cavity formed by the four adjacent 
resonators. Further observation of the field distributions suggest that the lower and higher 
resonances originate from cavity modes in the small and large cavities, respectively. These 
cavity modes are responsible by terahertz SPPs propagating along the cavity walls in the z 
direction, and coincide with the decay lengths of SPPs perpendicular to the walls. At 1 THz, 
the decay length into the silicon resolved analytically and numerically is merely around 12 
μm, much shallower than the silicon wall thickness. On the other hand, the decay length into 
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air is as far as 330 μm, spanning the cavity air gaps d1=40 μm and d2=140 μm to establish 
SPP-coupled modes there.  
 
 
 
Fig. 3.3. Field distributions of the plasmonic absorber at resonance frequencies. Results for both 
resonance frequencies are presented: 0.80 THz (left column) and 1.44 THz (right column). Shown are 
the a,b) current density distributions on the cross structure, c,d) the instantaneous electric fields 
between the adjacent cross structures, and e,f) power loss density distributions. 
 
Figure 3.4 shows the dispersion curves for both the parallel plate and rectangular plasmonic 
waveguides with different dimensions. It can be seen that the waveguide dimensions can 
strongly influence the SPP wavenumbers. Additionally, owing to the field confinement, the 
wavenumber of the rectangular plasmonic waveguides is greater than the TE10 wavenumber 
in the equivalent PEC waveguide. Likewise, the wavenumber of the parallel-plate plasmonic 
waveguides lie to the right of the light line.  
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The condition for the plasmonic resonance can be approximated to:- 
 
where βN is the SPP wavenumber inside the cavity for the N
th
 order resonance (N = 0, 1, 
2,…), tb is the cavity depth, and m = 0.9 for the plasmonic boundary. By using the above 
equation, together with the dispersion curves of the waveguides, we can estimate the 
resonance frequencies of the plasmonic cavity. From the resonance condition, the cavity with 
the depth tb of 65 μm is expected to exhibit the fundamental resonance N = 0 at the 
wavenumber of β0 = 2.17 × 10 4 rad m
−1
. Thus, as depicted in Figure 3.4, the plasmonic 
resonance frequencies are estimated to be around 0.89 THz and 1.36 THz for this cavity, in 
reasonable agreement with 0.80 THz and 1.44 THz from the simulation, and 0.86 THz and 
1.49 THz from the experiment, respectively. The inaccuracy of the analytical results is likely 
due to the fringing fields at the top and side openings of the cavities, not accounted for in the 
analysis. 
 
 
Fig. 3.4. Dispersion diagram of the coupled surface plasmon polaritons in the equivalent parallel plate 
and rectangular plasmonic waveguides. The vertical dotted line indicates the wavenumber β0 where 
the fundamental resonance is expected for cavity with a depth of 65 μm. The thin dash dotted line 
section for the rectangular plasmonic waveguides indicates the region where the loss is larger than the 
propagation constant. 
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From the dispersion diagram and resonance condition, it can be expected that the 
fundamental resonances and the absorption band of this plasmonic absorber can be readily 
tuned by changing the cavity depth tb and the gap sizes d1 and d2. More specifically, by 
increasing the cavity depth tb, the two plasmonic resonances will be shifted to lower 
frequencies, and from the dispersion diagram in Figure 3.4, the relative absorption bandwidth 
will be slightly increased. In addition, by increasing the length l of the cross structure, the 
small gap width d1 will be reduced, resulting in a red shift of the lower resonance. Likewise, 
decreasing the width a of the cross increases the gap width d2 and effectively redshifts the 
higher resonance.  
The origin of the loss in this design was further investigated by studying the power loss 
density distributions. Confirmed in Figure 3.3e,f, the majority of energy dissipation originates 
from the Ohmic loss inside the silicon walls through the strong LSPRs. Corresponding to the 
current density distributions, the power loss density for the lower resonance is mainly 
concentrated inside the top and bottom branches of the cross, while the one of the higher 
resonance is mainly concentrated on the left and right arms. The Ohmic loss origin of this 
plasmonic absorber stands in contrast with the losses due to the interlayer dielectric in 
conventional terahertz metamaterials absorbers composed of the metal/dielectric/metal 
structure. 
Since the structure is fourfold symmetric, it can be expected that the absorber is polarization 
insensitive for terahertz waves of normal incidence. Figure 3.5 presents the absorbance as a 
function of frequency and angle of incidence. It is clear that the proposed absorber can 
operate over a wide range of incidence angles for both the TE and TM polarizations. For the 
TE wave at oblique incidence angle in Figure 3.5 a, the broadband absorption performance is 
maintained up to 45°. Beyond 45°, the absorption is degraded because the phase front of the 
electric field makes a large angle with the surface in the H plane, resulting in a field 
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imbalance in the cavity. For the case of TM polarization in Figure 3.5 b, the absorbance is 
minimally affected with an increasing incidence angle, since the phase front of the electric 
field is always parallel to the surface in the H plane. It is noteworthy that Figure 3.5 also 
reveals additional resonance modes associated with the cavities and diffraction orders 
associated with the structural periodicity. 
 
 
 
Fig. 3.5. Absorption performance as a function of incidence angle θ. a) TE polarization. 
b) TM polarization. The incident angle is varied in 1° steps from 0° to 75°. 
 
3.4 Fabrication challenges and solutions 
Etching of the micro cavities with an exact depth of 65 µm was the foremost challenge in the 
fabrication of these perfect absorbers. The desired depth was achieved after some trial etch 
runs, since the device tolerance was less. The use of moderately doped silicon wafer for 
plasmonic approach was very essential. It should be noted that the carrier concentration in 
silicon affects the resonances and the observed power loss behaviour. By decreasing the 
carrier concentration, the silicon will become a lossy dielectric, and no longer support LSPRs. 
As a result, the absorption will be decreased significantly, and the power loss density will be 
evenly distributed across the unit cell. On the other hand, increasing the carrier concentration 
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will decrease the field penetration into silicon. In this case, the geometry of the structure has 
to be modified to maintain the resonances, while the dissipation loss and the resonance Q 
factor will be significantly reduced. 
3.5 Summary 
 The fabrication technology to create this structure is well established, and this aspect 
is also readily integrated into silicon-based optical systems.  
 Compared with existing terahertz absorbers, the device is ultra broadband, is also 
polarization insensitive. 
 This device performs consistently across a wide range of incidence angles.  
 Furthermore, the plasmonic resonances are readily tunable, since the terahertz 
properties of the silicon strongly depend on the free-carrier concentration and mobility 
that can be controlled by optical pumping. 
 These benefits for such plasmonic absorber are ideal for constructing focal plane array 
detectors allowing room temperature high-resolution imaging at terahertz frequencies 
range. 
 These results have been published in Advanced Optical Materials. This article was 
among the top five most-read papers of November. It also got featured on the inside 
cover of the journal. 
 
 
 
53 
 
CHAPTER 4 
GRADIENT INDEX METAMATERIALS 
4.1 Introduction 
The rapid development of the technology and the fabrication of improved terahertz emitters 
and detectors has lead to the opening up of new markets and application fields in the last few 
years. The specific property of THz radiation to penetrate through most dielectrics e. g. 
textiles, paper, concrete etc. has been exploited in many scenarios that are related to non-
invasive quality control through packages, chemometrics of pharmaceutical substances, 
terahertz imaging systems and security inspections. The rapid expansion of industrial target 
applications is attended by increasing demands for high quality optical components for the 
THz technology. Moreover, many potential applications cannot yet be addressed by the THz 
technology since the required components are not available. Such optics cannot be easily 
devised since the insufficient electromagnetic response of most dielectrics prevents the 
development of standard optics that are based on the same principles as conventional optics 
used in laser systems.  
In this context, metamaterials have already proven to offer a novel approach for modulating 
THz radiation, perfect absorbers with designable properties, frequency filters or wave plates. 
Another application field where metamaterials can provide an important contribution is the 
THz imaging technology. It is obvious that the performance and the compactness of current 
imaging systems could be significantly improved if thin lenses with strong focusing 
capabilities and low aberrations were available. A possible means to obtain such lenses is the 
use of gradient index (GRIN) metamaterials, as has been proposed recently. The use of 
metamaterials as focusing optics provides certain advantages over conventional dielectric 
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lenses which are widely used in THz imaging systems. A flat and thin metamaterial lens 
inherently does not show spherical aberrations due to the lack of curved surfaces in the beam 
path. Although one could argue that the aberrations of dielectric lenses can be minimized by 
optimizing the surface curvature, this method only applies to a fixed incidence angle of the 
impinging radiation. For oblique incidence however, the spherical aberrations cannot be 
minimized by this approach. In contrast to dielectric lenses, a properly designed 
metamaterial-based GRIN lens sustains high focusing capabilities for THz radiation at 
oblique incidence and thus becomes insensitive on the incidence angle. The main advantage 
of GRIN metamaterials over dielectric lenses however lies in the potential to develop a new 
class of adaptive optics for the THz technology. Since, in contrast to most other materials, 
metamaterials allow one to spatially tune the refractive index profile at the unit cell level by 
optical or electronic means, this approach offers a new way to realize GRIN lenses with 
adaptive focus position and focus diameter [80]. 
Here we present the design and fabrication of the metamaterial-based gradient index 
metamaterials that allow one to focus THz radiation to a spot diameter. Due to the 
subwavelength thickness and the high focusing strength, the presented GRIN lenses are an 
important step towards compact THz imaging systems with high spatial resolution. 
Furthermore, the results open the path to a new class of adaptive THz optics by extension of 
the concept to tunable metamaterials. The lenses offer broadband operation, are very thin and 
allow aberration-free optical imaging due to the avoidance of curved boundaries in the beam 
path. 
4.2 Beam deflection lens 
By creating subwavelength holes in a dielectric, the refractive index of the material can be 
changed. This technique has been used to create gradient index metamaterial lenses for beam 
collimation and deflection in the microwave range, and for gradient index metamaterial 
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carpet cloaks in the optical range. A similar concept has been employed for carpet cloaks in 
the optical range, with an important difference being that posts, rather than holes, were used 
to achieve a gradient index. This section presents a hole lattice metamaterial lens that is 
designed to deflect a terahertz beam. The design is relatively simple compared to other 
metamaterial designs, using only a dielectric slab and holes of various radii. Beam deflection 
is achieved by giving the refractive index a ramp-like characteristic, as this will cause 
spatially varying wave retardation, and turn the wavefront of a transmitted wave. The 
resultant lens is highly compact, and has a flat profile, hence it may integrate well into larger 
systems of optical processing of terahertz radiation. Furthermore, since this is a non-resonant 
metamaterial, the lens is expected to have low loss, and can potentially operate over a wide 
bandwidth. This basic design may be extended to serve multiple functions, such as combined 
deflection and collimation, by careful selection of the refractive index characteristic [81]. 
4.2.1 Unit cell design 
A unit cell of this metamaterial is given in Fig. 4.1. This metamaterial is non-resonant, and 
has no conducting components. It therefore exhibits low loss, and can operate over a 
relatively wide bandwidth. By careful selection of the radius of the hole in the center of the 
unit cell, one may tailor the observed refractive index to a required value. The width of the 
unit cell is selected such that the lattice constant is subwavelength, taking into account the 
shortening of wavelength in the substrate. An operating frequency of 0.41 THz was selected 
for this device, due to the presence of an atmospheric transmission window at that frequency, 
and a lattice constant of 70 µm was found to be suitable at this frequency. High-resistivity 
float-zone silicon was chosen for the dielectric base, due to its low loss and reasonably high 
refractive index. 
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Fig. 4.1. Illustration of metamaterial unit cell in 3D (left) and 2D from above (right). The substrate, 
shown in green, is a square prism of side length d and height h. There is a hole of radius r in the centre 
of the square. The spacing in between the centre of the hole in this cell and the centre of the hole in all 
adjacent cells is d. 
 
The lens is designed such that an indefinite number of these lenses may be placed side-by-
side in order to expand the aperture size. This is achieved by exploiting the fact that a phase 
shift of 2π at the output surface of the lens is equivalent to a phase shift of zero. This 
technique is inspired by the compact design of a Fresnel lens. The sample that has been 
designed in this work is therefore only a single period of a prospective practical design. Fig. 
4.2 gives an illustration of a single lens period. 
 
 
 
 
 
 
 
 
 
 
Fig. 4.2. One period of the beam deflection metamaterial, showing lens thickness, l, and lens period 
width, w. Terahertz radiation is deflected upon transmission through the device. 
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All design, simulation, and optimisation was carried out using the commercial 
electomagnetics software Ansoft HFSS 15.0. Master/slave boundaries were used for the top 
surface, the bottom surface, and both sides, with the latter case exploiting the periodicity of 
the device. A lens with a deflection angle of 45° has been designed. The lens thickness is l = 
770 µm, and the lens period width is w = 1050 µm. Hole radii ranged from 12.50 µm to 29.19 
µm, and with a lattice constant of 70 µm, this gives a minimum clearance of 11.62 µm in 
between adjacent holes. Note that the dielectric thickness, h, was set to an arbitrary value for 
simulation purposes,  as the use of master/slave boundary conditions rendered it meaningless. 
The design was optimised using HFSS, and as a consequence of this, hole size does not 
increase monotonically with position as one may expect. These lenses may be designed to 
have any deflection angle in between 0° and +90°, by careful selection of the gradient of the 
refractive index characteristic and the width of the lens period, w. In practical designs, 
however, the lens period will approach infinity as the deflection angle approaches 0°, and the 
performance of the lens will degrade as it approaches +90°. 
4.2.2 Fabrication 
This fabrication of beam deflection lens was carried out on ultra thin 4-inch silicon wafers. 
Since the wafers were extremely thin, a mechanical support structure was required to handle 
the sample. Hence the wafers were bonded to fused silica. The steps of the fabrication 
procedure are as follows:- 
1. A high-resistivity float-zone silicon wafer (4” size) with thickness of approximately 
125 µm was diced into four quadrants.  
2. Fused silica (quartz) wafers were also diced in the dimensions of 35mm x 35mm.  
3. The diced silicon and quartz substrates were bonded using photoresist SU82000.5, 
with quartz acting as the support structure for the thin silicon quadrants. 
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4. The substrates were then patterned using a thick resist, AZ4562, exposed and 
developed. 
5. The required etch depth for this device was 250 µm. Two silicon wafers were etched 
down to ~125 µm and bonded face-to-face to complete the device. A mixture of SF6 
and C4F8 gas was used in the Deep Reactive Ion Etching (DRIE) technique to etch the 
samples. 
Fig 4.3 shows a screenshot of the fabricated device. These samples are currently being tested 
at the University of Adelaide. 
 
Fig 4.3. Screenshot of beam deflection lens 
 
4.3 Hole lattice metamaterials 
The terahertz range has the potential to support high bandwidth short range wireless 
communications, but due to strong atmospheric attenuation, high gain radiators are required. 
Terahertz radiator gain is commonly boosted using dielectric lenses, however these can have 
issues including size, weight, and reflection loss. Planar optics using arrays of phased 
elements, typically metal resonators, have been demonstrated as an alternative to dielectric 
lenses for terahertz beam control. However, such structures typically have significant ohmic 
loss originating from metallic components. Examples include arrays of rectangular patches, 
100 µm 
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polarization convertors and shaped holes in a metal sheet. In this work, an all-dielectric hole 
lattice for planar terahertz optics is proposed. Since it is non-resonant, and low-loss 
dielectrics are used, it has higher bandwidth and lower loss than typical metal resonators. 
Dielectric hole lattices have previously been demonstrated in the optical and microwave 
ranges. 
4.3.1 Hole lattice array element 
The array element, shown in Figure 4.4.a), is a block of high resistivity silicon with an air-
hole in the centre, housed in quartz for structural integrity. At subwavelength scales, the air 
and silicon behave as an artificial dielectric, with effective refractive index depending on hole 
radius. Therefore, transmission phase response may be engineered with careful selection of 
hole radius, as shown in Figure 4.4.b). Additionally, since the parameter giving rise to the 
desired phase response is the optical length, one may increase the achievable phase range by 
simply increasing the thickness of the patterned layer. In a manner not unlike in a Fabry-Perot 
etalon, reflection loss is cancelled out when the silicon layer thickness is a multiple of a half-
wavelength, giving near-perfect transmission. The in-medium wavelength can be changed by 
altering the effective refractive index through alteration of hole radius to satisfy this 
condition. Two cases of near-perfect transmission for different phase responses have been 
indicated in Figure 4.4.b). These Fabry-Perot fringes are the key advantage of the hole lattice 
zone plate over simpler cut-groove zone plates.  
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Fig. 4.4. a) Construction of array element, d = 60 µm, and t = 250 µm. b) Simulated response at 1 
THz as a function of hole radius r. Dashed lines denote the Fabry-Perot maxima, which correspond to 
an approximate 180° phase difference. The electromagnetics software package HFSS was used to 
generate these results.  
4.3.2 Diffractive Optics 
If the thickness of the silicon layer is selected such that two Fabry-Perot maxima are phased 
180° apart, as in Figure 4.4, one may construct phased diffractive optics with near-perfect 
transmission. Terahertz zone plates may be constructed in this way, in order to boost terahertz 
antenna gain. 
 
Fig. 4.5. Diagram of hole lattice zone plate, with air holes shown as black dots. 
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Such zone plates have concentric zones of alternating large and small hole radii, as shown in 
Figure 4.5. The response of a hole lattice zone plate, with operating frequency of 1 THz and 
focal length 5 mm, was simulated using the commercially available electromagnetics 
software package CST, and results are given in Figure 4.6. These simulations suggest that, 
although the focal length changes with frequency, the zone plate successfully focuses a beam 
over a frequency range from 0.5 THz to at least 1.75 THz; a bandwidth of over 1.25 THz.  
 
 
Fig. 4.6. a) Simulated near field response of hole lattice zone plate. b) Broadband performance of hole 
lattice zone plate, showing electric field magnitude distribution along the optical axis. Electric field 
magnitude is given in linear scale, normalised against the magnitude of the input plane wave. 
4.3.3 Fabrication 
One limitation in the fabrication of hole structures is the achievable depth-to-diameter aspect 
ratio of the holes. In order to effectively double the aspect ratio, the silicon layer is processed 
in two halves, with each having half the thickness of the overall layer. They are then bonded 
together face-to-face. The cut groove zone plate is a single layer device, hence the fabrication 
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was comparatively simpler. The detailed fabrication steps for both the zone plates are 
described below: - 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Flowchart 4.1. Detailed fabrication steps of gradient index zone plates 
 
 
Thin silicon and quartz wafers were 
diced in 35mm x 35mm dimensions and 
bonded together with SU8. 
The bonded substrates were then 
patterned, exposed and developed. 
The samples were etched using PLASMAPRO 
100 ESTRELAS etcher. The etch rate of the 
Bosch DRIE process was 0.4 µm/cycle.  
The cut groove sample was timed 
to etch 62 µm (~155 runs) deep 
trenches into Si wafer. 
Etching was processed on two 
identical substrates to achieve 125 
µm depth in each (~312 runs). Post 
etching, these substrates were 
bonded face-to-face. 
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DRIE was performed using the Bosch process, where a mixture of SF6 and C4F8 gas was 
alternatively permitted into the high vacuum chamber and ionized by applying RF power. 
The face-to-face bonding of the two substrates of hole lattice zone plate was done by using 
superglue (which can be dissolved in acetone and removed, if need be). Figure 4.7 shows the 
screenshot of the fabricated zone plates. The characterisation of these samples is currently in 
process. 
 
Fig. 4.7. a) Photographs of patterned silicon, showing a section of the concentric zone structure. 
b) Zoom in, showing individual holes 
4.3.4 Fabrication challenges and solutions 
 The support structure adopted in the initial design was Cyclic Olefin Copolymer 
(COC). During the etch runs, the sample was burnt after a few cycles because COC is 
an insulator which couldn't withstand the system heat (plasma temperature of 
approximately 250°). Hence, quartz was adopted as the mechanical support for the 
silicon wafers, it was also found to be compatible with the design dimensions. 
Conventionally, the non-resonant structures are less sensitive to the substrate 
properties. This is evident from the fact that the substrate medium did not affect the 
operation of the silicon layer, which is one of the benefits of using an all-dielectric 
design.  
100 µm 200 µm 
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 The preliminary tests for the bonded samples showed poor performance. Mis-
alignment in the face to face bonding of substrates could have been a probable reason 
behind this. Hence, double thickness wafers (~250 µm) were used to re-fabricate the 
designs. This eliminated the need to bond the wafers, thus making the process more 
precise and accurate. The measurements of the GRIN metamaterials in presently 
underway. 
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CHAPTER 5 
FUTURE WORK 
This thesis aimed to explore state-of-the-art fabrication approaches and techniques to realise 
terahertz metamaterials and metallic resonators on flexible substrates. During the course of 
this investigation, while many research questions were answered, the author feels that there 
still exist numerous opportunities for continuing research in alignment with those presented 
in this thesis. A few significant topics which can serve as the focus of future research 
programs are listed below:- 
 The limited bandwidth behaviour of the terahertz polarisation beam splitter could be 
improved by considering multi-layer approaches developed in the microwave regime. 
The challenging adaption of these techniques to the terahertz regime will be the topic 
of future investigations. These reflectarrays could be applied as optical components 
for polarization discrimination or as polarization demultiplexers for terahertz 
communications. 
 The proposed design of polarisation convertor (half wave retarder) can also be used to 
invert the handedness of the elliptically or circularly polarized waves and can be 
scaled to operate at higher frequency ranges. 
 Owing to the flexible characteristics, similar transmit reflectarray configurations can 
be designed to be mounted onto surfaces of cylindrical or spherical devices for 
terahertz imaging and communications. In addition, the proposed concept of 
reflectarray can be extended to polarization-dependent reflective and transmissive 
deflection by adding more layers of resonant elements onto the backside of the 
sample.  
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 The plasmonic absorber demonstrated at terahertz frequencies can potentially be 
implemented in many applications, such as in bolometric imaging and terahertz 
communications. In addition, due to its ability to capture nearly the entire incident 
electromagnetic energy at terahertz frequencies, the plasmonic absorber can serve as a 
useful component in terahertz communications for suppressing multipath reflections. 
The bandwidth can be extended further with alternative designs to accommodate 
mode resonance modes.  
 Due to the subwavelength thickness and the high focusing strength, the presented 
GRIN metamaterials are an important step towards compact THz imaging systems 
with high spatial resolution. Furthermore, the gradient index metamaterials exhibit 
low dispersion at broadband THz frequencies, which can open up opportunities for 
developing new class of adaptive THz optics by extension of the concept to tunable 
metamaterials. 
The dearth of strong terahertz characteristics in natural materials has provided a great impetus 
driving the research area of terahertz metamaterials. However, the potential of metamaterials 
is still clogged by the limitations of designs and fabrication techniques. Further research will 
alleviate the reliance on naturally occurring materials, by offering a wider range of 
customizable characteristics from artificial structures. This leads to a number of opportunities 
in developing new devices for terahertz applications, where the use of existing materials lacks 
strong electromagnetic interactions. The rapid development of terahertz metamaterials will 
propel the advancement in terahertz applications. We can envision applications of terahertz 
metamaterials in the areas of astronomy, biochemistry, medicine, security, and 
communication in the near future [79]. 
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